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We report the crystal field levels of several newly-discovered rare-earth kagome compounds:
Nd3Sb3Mg2O14, Nd3Sb3Zn2O14, and Pr3Sb3Mg2O14. We determine the CEF Hamiltonian by fit-
ting to neutron scattering data using a point-charge Hamiltonian as an intermediate fitting step.
The fitted Hamiltonians accurately reproduce bulk susceptibility measurements, and the results in-
dicate easy-axis ground state doublets for Nd3Sb3Mg2O14 and Nd3Sb3Zn2O14, and a singlet ground
state for Pr3Sb3Mg2O14. These results provide the groundwork for future investigations of these
compounds and a template for CEF analysis of other low-symmetry materials.
I. INTRODUCTION
The kagome lattice of corner-sharing triangles is the
basis for multiple distinct forms of frustrated magnetism
with unique physical properties. Magnetic kagome lat-
tices are believed to host spin-liquid phases [1–4], non-
trivial transport properties [5], and topologically pro-
tected phases [6]. Experimental realizations of these
models present important opportunities to explore new
states of matter.
Recently, a new family of kagome compounds with
magnetic rare earth ions RE3Sb3A2O14 (RE = rare earth,
A = Mg, Zn) was discovered [7–9]. Basic materials char-
acterization has been carried out on the entire family
[7–10], and neutron diffraction has revealed the low tem-
perature magnetic structure of Nd3Sb3Mg2O14 [11] and
Dy3Sb3Mg2O14 [12]. µSR data for Tb3Sb3Zn2O14 were
interpreted as indicative of a spin-liquid ground state
[13].
The rare earth ions in these materials are strongly in-
fluenced by the electrostatic environment they occupy.
It determines to what extent and how the 2J + 1 fold
spin-orbital degeneracy of the rare earth ion is lifted [14].
Clearly this has major impacts on the nature of the po-
tentially frustrated magnetism. Fortunately the crystal
electric field (CEF) level scheme can be accurately de-
termined using inelastic neutron scattering and it is to
this task that we have devoted ourselves in this paper.
Specifically, we report the crystal field Hamiltonians of
Nd3Sb3Mg2O14, Nd3Sb3Zn2O14, and Pr3Sb3Mg2O14 de-
duced from crystal field excitations observed with neu-
tron scattering. The complexity of the CEF Hamiltonian
is determined by the point group symmetry of the ion:
high symmetry means few CEF parameters, low sym-
metry means many CEF parameters. The ligand envi-
ronment for RE3Sb3A2O14 (RE = rare earth, A = Mg,
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Figure 1. Distorted scalenohedron ligand environment of Nd
in Nd3Sb3Mg2O14. The axes at the center show the local
axes used to model the crystal fields. Nd3Sb3Zn2O14 and
Pr3Sb3Mg2O14 have the same symmetry, but with slightly
different oxygen locations.
Zn) has a very low symmetry oxygen environment of 2/m
symmetry (see Fig. 1), leading to 13 allowed CEF param-
eters in the Hamiltonian. Such a model is very difficult
to uniquely establish, but—by using a point-charge ap-
proximation to obtain a first approximation—reliable fits
to neutron scattering data are possible. The techniques
outlined here provide a template for analyzing the rest of
this family of Kagome compounds and indeed they should
be useful for analyzing the crystal field level scheme when
as here the symmetries involved are low.
II. EXPERIMENTAL METHODS
We performed neutron scattering experiments on
5g of Nd3Sb3Mg2O14, 5g Nd3Sb3Zn2O14, and 5g
Pr3Sb3Mg2O14 (all loose powders) on the ARCS spec-
trometer at the SNS at ORNL. For every compound,
we collected data at incident energies Ei = 150 meV,
Ei = 80meV, and Ei = 40meV; at temperatures T = 6K,
T = 100 K, and T = 200 K for every Ei (a total of
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2nine data sets), measuring for two hours at each setting.
We also acquired data for a 5g nonmagnetic analogue
La3Sb3Mg2O14 to serve as a background. This allows us
to subtract the phonon contribution from the data for
the magnetic compounds (see supplemental materials for
details about the background subtraction).
The full background-subtracted data set for
Nd3Sb3Mg2O14 is shown in Fig. 2. The crystal
field excitations are clearly visible because the corre-
sponding intensity decreases with Q as a result of the
electronic form factor. As Nd3+ is a J = 9/2 Kramers
ion, we expect to see 10/2 = 5 CEF levels, and thus four
CEF transition energies from the ground state. This is
indeed what we observe in the neutron data: in the 6 K
data, four transitions are visible at 23 meV, 36 meV, 43
meV, and 111 meV. At higher temperatures, the existing
peaks broaden in ∆E due to shorter excited-state life-
times, and additional weak peaks appear corresponding
to transitions between thermally populated excited
levels.
An abbreviated (6 K only) data set for Nd3Sb3Zn2O14
is shown in Fig. 3. These data are nearly identical to the
Nd3Sb3Mg2O14 data in Fig. 2, with four transitions from
a J = 9/2 Kramers ion, but with transition energies at
18 meV, 32 meV, 40 meV, and 109 meV. Such differences
indicate slight modifications in the ligand environment
experienced by the rare earth ion.
An abbreviated (6 K only) data set for Pr3Sb3Mg2O14
is shown in Fig. 4. Pr3+ is a non-Kramers ion with J = 4,
which means that singlet states are possible when the
point group symmetry is sufficiently low so the number
of transitions observed is greater. Five transitions are
clearly distinguishable at 6 K, with more being too weak
to distinguish in the figure.
III. COMPUTATIONAL METHODS
Using the inelastic neutron scattering data, we were
able to infer a crystal field model for each of the com-
pounds that can account for their anisotropic magnetic
properties for temperatures above the inter-site interac-
tion scale (1 K). The fits were carried out using the Py-
CrystalField software package [15]. The analysis is based
on the following CEF Hamiltonian
HCEF =
∑
n,m
Bmn O
m
n . (1)
Here Omn are the Stevens Operators [16, 17] and Bmn
are multiplicative factors called CEF parameters that
parametrize the effects of the ligand environment on the
rare earth ion. This formalism is convenient when the
ligand environment has high symmetry, leaving only a
handful of CEF parameters to be fit [17]. Unfortunately,
a direct fit to the data for Nd3Sb3Mg2O14 is not fea-
sible: fitting 13 parameters to eight observables (four
transition energies and four neutron intensities). To get
around this, we begin with a constrained fit based on an
electrostatic point-charge model of the ligand environ-
ment. Specifically, the point charge HCEF is based on
a Taylor expansion of the electrostatic field at the rare
earth site generated by the coordinating atoms treated
as point charges [17, 18].
Following the method outlined by Hutchings [17], the
CEF parameters Bmn are given by
Bmn = −γnmq Cnm 〈rn〉 θn. (2)
Here γnm is a term calculated from the ligand environ-
ment expressed in terms of tesseral harmonics, q is the
charge of the central ion (in units of |e|), Cnm are nor-
malization factors of the tesseral harmonics [17], 〈rn〉 is
the expectation value of the radial wavefunction for the
rare earth ion [19], and θn are multiplicative factors from
expressing the electrostatic potential in terms of Stevens
Operators in the J basis [16].
The neutron cross section for a single CEF transition
in a powder sample is
d2σ
dΩdω
= N(γr0)
2 k
′
k
f2(Q)e−2W (Q)
pn|〈Γm|Jˆ⊥|Γn〉|2δ(h¯ω + En − Em) (3)
[20], where N is the number of ions, γ = 1.832 ×
108s−1T−1 is the gyromagnetic ratio of the neutron,
r0 = 2.818×10−15m is the classical electron radius, k and
k′ are the incoming and outgoing neutron wavevectors,
f(Q) is the form factor, e−2W (Q) is the Debye Waller fac-
tor, pn = e−βEn/
∑
i e
−βEi is the Boltzmann weight, and
|〈Γm|Jˆ⊥|Γn〉|2 = 23
∑
α |〈Γm|Jˆα|Γn〉|2 is computed from
the inner product of total angular momentum Jα with
the CEF eigenstates |Γn〉. Using this equation, one can
calculate the neutron spectrum of a given CEF Hamilto-
nian at a given temperature. In reality, the delta function
δ(h¯ω + En − Em) is replaced with a finite width peak
due to the limited energy resolution of the instrument,
dispersion, and/or the finite lifetime of the excitation.
The resolution was approximated with a Gaussian pro-
file, while finite lifetimes give Lorentzian profiles. We ap-
proximated the convolution of these with a Voigt profile
for computational efficiency. The energy transfer depe-
dendent resolution width was calculated as described in
ref. [21] with sample width dL3 defined so the calculated
Full Width at Half Maximum (FWHM) of the elastic
line matched the measured FWHM. The finite lifetime
Lorentzian width was a single temperature dependent fit-
ting parameter shared by all transitions.
Multiple constant-Q spectra were fitted simultaneously
computing the Q-dependent scattering using the calcu-
lated form factor and a temperature dependent Debye-
Waller factor approximated with an overall thermal pa-
rameter u [22] (see supplemental materials for details).
We also fit simultaneously to data at all energy trans-
fers and temperatures, for a total of nine Q and ∆E de-
pendent data sets being fit simultaneously for each com-
pound. For Ei = 150 meV and Ei = 80 meV, we fit data
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Figure 2. Inelastic neutron scattering from Nd3Sb3Mg2O14, taken at Ei =150 meV, 80 meV, and 40 meV and T =6 K, 100 K,
and 200 K. Scattering from nonmagnetic La3Sb3Mg2O14 was scaled and subtracted to eliminate phonon scattering. The CEF
excitations are clearly visible and become broadened as temperature increases.
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Figure 3. Inelastic neutron scattering from Nd3Sb3Zn2O14, taken at Ei =150 meV, 80 meV, and 40 meV and T =6 K (100 K
and 200 K data are not shown). Scaled La3Sb3Mg2O14 scattering was subtracted. Note the similarity of the patterns to Fig.
2.
up to 8 Å−1, and for Ei = 40 meV we fit up to 7 Å−1 (at
which points the magnetic intensity was indistinguishable
from background noise).
Using the point charge formalism described above, we
fit the CEF Hamiltonians in three steps. The first step
was calculating the CEF parameters for each compound
using the ligand positions refined in refs. [8, 9, 11]. (We
refer to this as the "Calculated PC" model.) As a second
step, we refined the effective charges of the symmetry-
independent ligand sites by fitting the calculated neu-
tron spectrum to the data. (We refer to this as the "PC
Fit" model.) In RE3Sb3A2O14, there are eight ligands
surrounding RE but only three symmetry-independent
ligand sites. So we fit the effective charges (contained in
γnm) of each symmetry-independent atom, thus fitting
the relative weights of each symmetry-related group of
42 4 6
|Q| (Å )
0
10
20
30
40
E 
(m
eV
)
E =40meV
T=6K
(a)
2 4 6 8
|Q| (Å )
0
20
40
60
80
E 
(m
eV
)
E =80meV
T=6K
(b)
2 4 6 8
|Q| (Å )
50
100
150
E 
(m
eV
)
E =150meV
T=6K
(c)
0
10
20
 (a.u.)
0
10
20
 (a.u.)
0
2
4
6
 (a.u.)
Figure 4. Inelastic neutron scattering from Pr3Sb3Mg2O14, taken at Ei =150 meV, 80 meV, and 40 meV and T =6 K (100
K and 200 K data are not shown). Scaled La3Sb3Mg2O14 scattering was subtracted. There is a very strong transition at 7.5
meV, and much weaker transitions at higher energies.
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Figure 5. Example of a 2D fit to neutron scattering data.
(a) and (b) show the data and final fit results of the 2D data
set for Nd3Sb3Mg2O14 at 6 K. Panels (c) - (e) compare the
calculated and observed Q dependence for the integrated in-
tensity of the lowest energy excitation peaks at 6 K for the
three compounds.
ligands, starting with effective charges of (−2e,−2e,−2e)
for O2− ions. By fitting effective charges, we have three
fitted parameters and eight observables. In fitting the
effective point charge model, we added a term to the
global χ2 measuring the mean square deviation of the cal-
culated transitions from the observed transitions (which
were taken from Gaussian fits to the spectra) of the form
χ2∆E =
∑
i(E
obs
i − Ecalci )2. This was found to improve
convergence.
As a third and final step, we used the crystal field pa-
rameters Bmn obtained from the best effective charge fit
as starting parameters for a fit to neutron data varying
all Bmn . (We refer to this as the "Final Fit" model.)
We included a weakly weighted χ2∆E term in the final fit
to keep the fit from wandering astray. In doing so, we
assume that the point charge fit approaches the global
minimum in χ2 and that the final fit is merely an adjust-
ment to the best-fit point charge model.
To cross-check our results, we computed the magnetic
susceptibility from HCEF numerically. Susceptibility
is defined as χα,β = ∂Mα∂Hβ , and Mα = gJ〈Jα〉, where
〈Jα〉 =
∑
i e
−Ei
kBT 〈i|Jα|i〉 /Z and |i〉 are the eigenstates
of the effective Hamiltonian H = HCEF + µBgJµ0H · J,
where µ0H is magnetic field. Computing Mα at various
fields and taking a numerical derivative with respect to
field yields the magnetic susceptibility. Figure 9 provides
a comparison of the calculated powder-average suscepti-
bility compared with experimental data. The calculated
anistropic low-temperature magnetization is in Fig. 10.
IV. RESULTS
A. Nd3Sb3Mg2O14
The best fit CEF parameters for Nd3Sb3Mg2O14 are
listed in Table S.III, along with the CEF parameters from
the initial Calculated PC and the PC Fit models. Con-
stant Q cuts of the fits to neutron data are shown in Fig.
6, with the final fit plotted in black and the PC fit plotted
in a grey dashed line.
Starting with effective charges of (−2e, −2e, −2e),
the PC fitted charges for Nd3Sb3Mg2O14 are (−0.999e,
−0.931e, −0.910e). The Powell method of minimization
[23] yields this result for any value of initial charges from
−0.6e to −2e. Although these values are about 50% less
than −2e, they are reasonable because the electrostatic
repulsion is actually from electron orbitals and not point
charges; so the effective charge can differ significantly
from the net charge [24]. As Fig. 6 shows, the effective
charge fit resembles the data but does not reproduce the
precise energies and intensities of the transitions. The
final fit matches the data much better, with the location
and intensity of all major peaks reproduced.
The ground state eigenstates from the Calculated PC
and the Final Fit are listed in Table S.VI. In both fits the
ground state doublet is mostly | ± 92 〉, with some weight
given to |± 32 〉. For the complete set of eigenkets, see the
supplemental materials.
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Figure 6. Constant Q cuts showing the results of the CEF fit to Nd3Sb3Mg2O14 neutron scattering data. The point charge fit
("PC fit") is shown with a grey dashed line, and the final fit ("fit") is shown with a solid black line.
Table I. Calculated and fitted CEF parameters for
Nd3Sb3Mg2O14. The first column (Calculated PC) is the
CEF parameters from a point-charge model where all effec-
tive charges are 2e. The second column (PC Fit) gives the
result of the effective charge fit. The final column (Final Fit)
is the result of fitting the CEF parameters to the data.
Bmn (meV) Calculated PC PC Fit Final Fit
B02 0.08051 -0.1851 0.0121
B12 -0.5358 -0.80854 -0.25649
B22 0.04892 -0.00787 -0.02649
B04 -0.0131 -0.01914 -0.01861
B14 0.00181 0.00297 0.00844
B24 -0.00339 -0.00441 0.00763
B34 -0.11134 -0.15368 -0.04106
B44 0.00772 0.00994 0.0198
B06 -0.00018 -0.00027 -0.00056
B16 3×10−5 3×10−5 0.00011
B26 0.00017 0.00023 -0.00028
B36 0.00212 0.00293 -0.00138
B46 -0.00023 -0.00031 -0.00052
B56 -0.00055 -0.00081 -0.00073
B66 -0.00224 -0.00309 -0.00218
The ground state ordered moment, computed from
〈0|Jα|0〉 is 〈Jx〉 = ±0.11 µB , 〈Jy〉 = 0.00 µB , 〈Jz〉 =
∓2.89 µB , for a total 〈J〉 =
√∑
α〈Jα〉2 = 2.89 µB .
B. Nd3Sb3Zn2O14
The results of the fits to Nd3Sb3Zn2O14 data are sim-
ilar to Nd3Sb3Mg2O14. Constant Q cuts of the Final
Fit to Nd3Sb3Zn2O14 CEF neutron data are shown in
Fig. 7. The effective charge fit (PC Fit) yielded (−1.01e,
−0.968e, −0.915e). The PC Fit resembles the data, but
the final fit matches the data much better and provides
a faithful reproduction of all large peaks.
The ground state eigenkets from the final fit are listed
in Table S.X. Like Nd3Sb3Mg2O14, the ground state
doublet is mostly composed of | ± 92 〉, with some | ± 32 〉
also present. The initial point-charge calculation (Cal-
culated PC) predicted significant weight on | ± 12 〉 which
is not present in the final fit. This indicates that the
point-charge model, while it is a good starting point for
fits, does not reliably predict the nature of the ground
state doublet for these low-symmetry ligand environ-
ments. Plots of Q-cuts of higher temperature data, the
list of fitted CEF parameter values, and a full list of
eigenstates can be found in the supplemental materials.
The ground state ordered moment, computed from
6Table II. Ground state eigenvectors and eigenvalues for Nd3Sb3Mg2O14. The top two lines give the results of the Calculated
PC model, and the last two lines give the results of the Final Fit. In both cases the ground state kets are primarily | ± 9/2〉.
Model E (meV) | − 9
2
〉 | − 7
2
〉 | − 5
2
〉 | − 3
2
〉 | − 1
2
〉 | 1
2
〉 | 3
2
〉 | 5
2
〉 | 7
2
〉 | 9
2
〉
PC calc. 0.000 0.8181 -0.0632 -0.0772 -0.1835 0.1644 0.1965 0.4597 0.0936 0.036 -0.0064
0.000 0.0064 0.036 -0.0936 0.4597 -0.1965 0.1644 0.1835 -0.0772 0.0632 0.8181
Final Fit 0.000 0.8346 0.0211 -0.0939 -0.291 0.0711 -0.0357 0.4097 0.0782 -0.0248 0.1693
0.000 0.1693 0.0248 0.0782 -0.4097 -0.0357 -0.0711 -0.291 0.0939 0.0211 -0.8346
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Figure 7. Constant Q cuts showing the results of the CEF fit to Nd3Sb3Zn2O14 neutron scattering data. Only T = 6 K data
is shown; 100 K and 200 data are shown in the Supplemental Materials.
〈0|Jα|0〉 is 〈Jx〉 = ±0.23 µB , 〈Jy〉 = 0 µB , 〈Jz〉 =
∓2.40µB . The total ordered moment of 〈J〉 = 2.41µB is
slightly less than for Nd3Sb3Mg2O14.
C. Pr3Sb3Mg2O14
Constant Q cuts of the final fit to Pr3Sb3Mg2O14 CEF
neutron data are shown in Fig. 8. Because Pr3+ is a
non-Kramers ion, non-magnetic singlets are possible and
there are many more energy levels and transitions. An
unfortunate consequence of this is that many of the tran-
sitions are too faint to distinguish, and the neutron spec-
trum fit is mostly based on the low energy (< 50 meV)
data. Accordingly, the χ2∆E term for Pr3Sb3Mg2O14
only gave significant weight to the lowest two observed
energies. The PC Fit charges from the effective point
charge model are (−0.805e −0.736e, −0.836e). The low-
est two eigenstates and eigenkets from the final fit are
listed in Table S.XIV. As required by group theory,
〈jx〉 = 〈jy〉 = 〈jz〉 = 0 for all singlet states. Plots of
Q-cuts of higher temperature data, the list of fitted CEF
parameter values, and a full list of eigenstates can be
found in the supplemental materials.
The final fit resembles the data reasonably well (Fig.
8), with the exception of a predicted peak at 60 meV and
too much intensity on the 85 meV peak. Nevertheless,
the final fit appears to be close.
An alternative to directly fitting a CEF model is re-
scaling the CEF parameters from a compound with a
similar ligand environment. We carried out such a calcu-
lation for Pr3Sb3Mg2O14 by re-scaling the CEF parame-
ters from the final fit Bmn from Nd3Sb3Mg2O14 using the
equation
(
Bmn
)
Pr
=
(
Bmn
)
Nd
〈rn〉Pr θn Pr
〈rn〉Nd θn Nd
, (4)
which is derived from Eq. 2 for two different ions with
the same ligand environment. While the ligand environ-
ments are not identical, this re-scaling sometimes works
for two rare earth ions with similar electron counts [25].
The results are plotted in Fig. 8. Unfortunately, the re-
scaled CEF parameters do not come close to predicting
the energy or intensity of the transitions in the neutron
spectrum. Therefore, we conclude that it is not possible
to rescale the CEF parameters to accurately predict the
CEF Hamiltonians of RE3Sb3A2O14.
D. Susceptibility
The calculated magnetic susceptibilities for all three
compounds based on the final fit CEF Hamiltonians are
plotted in Fig. 9, along with experimental data from
refs. [8, 9, 11]. In every case, the χCEF calculation (plot-
ted with a gray dashed line) overestimates the measured
susceptibility by about 10% (the predicted inverse sus-
ceptibility curve lies below the data). The reason for this
discrepancy appears to be impurities or site-mixing in the
compounds, mainly evidenced by the low-temperature
Pr3Sb3Mg2O14 data.
In the Pr3Sb3Mg2O14 experimental susceptibility plot-
ted in Fig. 9(c), χ−1 → 0 as T → 0. This should not
happen for a singlet ground state (non-Kramers ion in
a low ligand field), where χ should saturate at a finite
7Table III. Ground state wavefunctions for Nd3Sb3Zn2O14. The top two lines give the results from the Calculated PC model,
and the last two lines give the results of the final fit. In this case, the point-charge model involves | ± 1/2〉 while the final fit
shifts most of the weight to | ± 9/2〉.
Model E (meV) | − 9
2
〉 | − 7
2
〉 | − 5
2
〉 | − 3
2
〉 | − 1
2
〉 | 1
2
〉 | 3
2
〉 | 5
2
〉 | 7
2
〉 | 9
2
〉
PC calc. 0.000 0.4198 -0.0573 -0.2189 0.1273 -0.4703 -0.5831 0.4015 0.1527 0.1031 0.0
0.000 0.0 -0.1031 0.1527 -0.4015 -0.5831 0.4703 0.1273 0.2189 -0.0573 -0.4198
Final Fit 0.000 0.2368 0.0265 0.0455 0.4932 0.0389 0.0939 0.1583 0.0049 -0.0336 0.8133
0.000 0.8133 0.0336 0.0049 -0.1583 0.0939 -0.0389 0.4932 -0.0455 0.0265 -0.2368
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Figure 8. Constant Q cuts showing the results of the final fit to Pr3Sb3Mg2O14 neutron scattering data, along with the results
of rescaling the CEF parameters from Nd3Sb3Mg2O14. Only T = 6 K data are shown; 100 K and 200 data are shown in the
Supplemental Materials. Clearly, the rescaled CEF parameters are unreliable. The black fit line is not as good as for the Nd
compounds, especially for the higher energy transitions in panel (c).
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Figure 9. Comparison between the measured susceptibility
and the susceptibility calculated from the final fit CEF Hamil-
tonians. In each case the calculation overestimates the high
temperature susceptibility by about 10%, which may result
from chemical impurities in the samples used for susceptibil-
ity measurements.
value. The deviation to zero indicates Kramers ions in
the sample. To estimate the relative contribution, we
fit the Pr3Sb3Mg2O14 susceptibility to a simple model:
χ = (x) χCEF + (1 − x)χCW , where 0 < x < 1 and
χCW is represented by a Curie-Weiss law: CT−θC . The
fit works surprisingly well, and indicates a 13% orphan
spin contribution with an effective moment of 1.8 µB
(see Supplemental Information for more details). Such
a contribution could arise from site mixing between Pr
and Mg, like the ∼ 10% Dy/Mg site mixing observed in
Dy3Sb3Mg2O14 [12]. This would decouple some of the
spins from the kagome planes, and put them in com-
pletely different ligand environments.
We also attempted to account for the susceptibility dis-
crepancy using an interaction model χ = χCEF1−λχCEF where
λ is the magnetic interaction between ions. No matter
what λ is chosen, model fails to account for the low tem-
perature divergence, and it fails to correct the slope of
high temperature susceptibility. Thus, the observed ef-
fects indicate an additional Cure-Weiss contribution to
the susceptibility and not merely interactions.
Incorporating this Curie-Weiss contribution model
makes the calculations match the low-temperature
Pr3Sb3Mg2O14 susceptibility data well, and happens to
resolve the high-temperature discrepancy between theory
and experiment. Assuming that the Nd3+ compounds
have the same χCW , we also get good agreement be-
tween theory and experiment for Nd3Sb3Mg2O14 and
Nd3Sb3Zn2O14 (Fig. 9).
We tested and ultimately rejected three alternative
8Table IV. Eigenvectors and eigenvalues for the ground state and first excited crystal field state of Pr3Sb3Mg2O14. The top two
lines give the results of the calculated PC model, and the last two lines give the results of the final fit. As a non-Kramers ion,
the ground state is not constrained to be a doublet. As required for singlets, 〈jx〉 = 〈jy〉 = 〈jz〉 = 0 for all states.
Model E (meV) | − 4〉 | − 3〉 | − 2〉 | − 1〉 |0〉 |1〉 |2〉 |3〉 |4〉
PC calc. 0.000 0.0211 0.1351 0.0143 0.0677 -0.9762 -0.0677 0.0143 -0.1351 0.0211
9.028 0.481 -0.0515 -0.0064 -0.5137 -0.0648 0.5137 -0.0064 0.0515 0.481
Final Fit 0.000 0.2851 -0.1002 0.2334 0.3867 -0.6398 -0.3867 0.2334 0.1002 0.2851
7.963 -0.1683 -0.0653 0.0903 -0.4922 -0.6587 0.4922 0.0903 0.0653 -0.1683
explanations for the high-temperature discrepancy be-
tween calculated and measured susceptibility: (i) an
incorrect CEF Hamiltonian, (ii) sample diamagnetism
and (iii) higher multiplet mixing. We tested (i) by at-
tempting to re-fit the CEF Hamiltonian to the neutron
data including a χ2 term from calculated susceptibil-
ity (without χCW ). This attempt failed. No matter
what starting parameters are chosen (and the relative
χ2 weight given to susceptibility versus neutron spec-
trum), we were unable to fit them simultaneously. We
tested (ii) by measuring the susceptibility of the non-
magnetic analogue La3Sb3Mg2O14, which comes out to
−10−4 (µB/T/ion)—an order of magnitude too small.
We tested (iii) by calculating susceptibility using the in-
termediate coupling-scheme and found that the result
is nearly identical to the fits based on the Hunds rule
spin-orbital ground state. (Details behind (ii) and (iii)
are given in the Supplemental Information.) Therefore,
we are confident that the discrepancy between calculated
and measured susceptibility in Pr3Sb3Mg2O14 is due to
orphan Kramers ions in the sample.
10% population of orphan spins is too little to de-
tect and significantly affect the CEF excitation spectrum.
However, it may be enough to have significant effects on
some forms of collective phenomena in these frustrated
magnets.
V. DISCUSSION
The point-charge fit followed by the final CEF pa-
rameter fit seems to have worked as a method to de-
termine the crystal field level scheme in the low point
group symmetry RE3Sb3A2O14 compounds. The final fit
matches the data well, and along the way the fitted effec-
tive charges are within an electron charge from the for-
mal ligand charge. Furthermore the calculated temper-
ature dependent susceptibility reproduces measurements
well after accounting for orphan spins at the <10% level.
We are confident that we have identified the single-ion
CEF Hamiltonians for Nd3Sb3Mg2O14, Nd3Sb3Zn2O14,
and Pr3Sb3Mg2O14 and determined the associated crys-
tal field eigenvalues and eigenstates.
The analysis of Nd3Sb3Zn2O14 shows that the point-
charge model by itself does not reliably predict the
ground state eigenkets of RE3Sb3A2O14 compounds.
Here we note that we are basing the models on a high T
x-ray structural refinement. Low T neutron diffraction
measurements would provide more accurate ligand posi-
tions, which could improve the point charge fitting. We
find that scaling Nd3+ results to Pr3+ does not reproduce
the observed spectrum in Pr3Sb3Mg2O14. Therefore, it
is unfortunately not possible to accurately predict the
CEF ground states of other RE3Sb3A2O14 compounds
from these results.
For Pr3+ the lowest level states of the single-ion non-
Kramers states are singlets. This is true for the naive
calculated PC Hamiltonian, the PC fit Hamiltonian, and
the final fit Hamiltonian. The gap between the lowest
and first excited state exceeds the exchange energy scale
so that we expect this system to be a singlet ground state
system with no phase transitions.
One of the key features of interest for these compounds
is the magnetic anisotropy. One can gain a rough un-
derstanding of the single ion anisotropy by examining
the ground state wave function. The final fit results
for Nd3Sb3Mg2O14 and Nd3Sb3Zn2O14 have mostly an
effective J = | ± 92 〉 ground state doublet, which can
be interpreted as easy-axis moments. The substitution
of Zn for Mg does not have a dramatic effect on the
ground state, at least for the Nd3+ ion. For a clearer
picture of the anisotropy, the computed single-ion direc-
tional magnetization at 2 K is shown in Fig. 10. For
Nd3Sb3Mg2O14 and Nd3Sb3Zn2O14, the saturation mag-
netic field is around 5 T, with the largest magnetization
for B ‖ z, indicating an easy-axis. Negligibly small off-
diagonal elements exist for the x and z directions. For
Pr3Sb3Mg2O14, the predicted saturation magnetic field
is around 80 T with the easiest axis in the y direction.
These results show that the authors’ previously hy-
pothesized effective J = | ± 12 〉 Nd3+ ground state for
Nd3Sb3Mg2O14 [11] is incorrect, and Dun et. al.’s sug-
gestion of an easy axis [10] is closer to the true ground
state. Ref. [11] failed to account for impurities in magne-
tization, which led to the inference of an incorrect model.
The ordered moment in Nd3Sb3Mg2O14 determined
from neutron scattering is 1.79(5) µB [11]. Assuming
a 13% site-mixing, this is only 71% of the theoretically
predicted moment of (0.87 × 2.89 µB) = 2.51 µB . This
reduction in moment, in conjunction with the magnetic
entropy not reaching R ln(2) [11], suggests that the mag-
netism in Nd3Sb3Mg2O14 remains dynamic to the lowest
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Figure 10. Directional single ion magnetization computed
from the final fit CEF Hamiltonians for Nd3Sb3Mg2O14,
Nd3Sb3Zn2O14, and Pr3Sb3Mg2O14 at 2 K. The directions
x, y, and z are defined in Fig. 1.
temperatures. This suggests a closer examination of the
collective properties of this material in a high quality sin-
gle crystal sample would be interesting.
VI. CONCLUSION
We have outlined a method whereby complex inelastic
neutron scattering spectra for crystal field excitations of
rare earth ions can be fitted using a point-charge model
with effective ligand charges as an intermediate step.
We applied this method to Nd3+ in Nd3Sb3Mg2O14 and
Nd3Sb3Zn2O14, showing that the single-ion anisotropy is
easy-axis. We also applied the method to Pr3+, showing
that the ground state is a singlet with an energy gap of
8.0 meV.
This information is an essential component towards un-
derstanding the low-temperature magnetism of this new
family of frustrated magnets, and will guide further in-
vestigations of their collective properties.
Note: While this manuscript was in the final stages
of preparation, there appeared Ref. [26] which indepen-
dently implemented an effective point charge fit to the
CEF Hamiltonian of Ho3Sb3Mg2O14.
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S1
SUPPLEMENTAL MATERIAL
S.I. EXPERIMENTAL METHODS
The following section describes the background sub-
traction and Debye-Waller fit to the neutron scattering
data.
A. Background Subtraction
To isolate the magnetic signal in the neutron spectrum
for Nd3Sb3Mg2O14, Nd3Sb3Zn2O14, and Pr3Sb3Mg2O14,
we measured and subtracted the scattering from non-
magnetic analogue La3Sb3Mg2O14. The structure of
La3Sb3Mg2O14 being very similar to its magnetic coun-
terparts, the phonon spectrum should be nearly identi-
cal. Scaling the intensity (which is different because of
different cross sections of the substituted atoms) should
account for the differences.
To avoid magnetic signals influencing the background
scaling, we only scaled the high-Q scattering—where the
form factor should suppress the magnetic signal. For
every Ei and temperature we scaled the La nonmagnetic
analogue by minimizing the χ2 difference between the
magnetic and nonmangetic scattering in a cut through
120◦ < 2θ < 136◦, as shown in Fig. S1.
We measured the spectrum of La3Sb3Mg2O14 at Ei =
150 meV, 80 meV, and 40 meV and at 200 K, 100K, and 6
K (the same configurations for the data). La3Sb3Mg2O14
scattering was measured with different shutter settings
than the rest of the compounds, so we are unable to
directly compare the scaling factors with the expected
cross-section ratios. Nevertheless, the background-
subtracted data sets [for example, Fig. S1(d)] reveal the
electronic crystal-field signals very clearly.
B. Debye Waller Factor Fit
The neutron scattering of finite-temperature materials
is modulated by e2W (Q), found in eq. 3 of the main text,
whereW (Q) is the Debye Waller factor which arises from
thermal vibrations of an atom about its average position.
We can write this factor as
2W (Q) =
1
3
Q2〈u2〉 (S.1)
where 〈u2〉 is the average displacement of the magnetic
ion at a given temperature [22]. To estimate 〈u2〉, we
assume that the DW factor is negligible at 6K, and find
the value of 〈u2〉 necessary to make the 100 K and 200 K
elastic data match the 6 K elastic data. This approach is
an approximation because it assumes the same 〈u2〉 for
all atoms; but it works reasonably well in describing the
Q dependence of the scattering (see Fig. S2).
We fit 〈u2〉 for each temperature by minimizing the
χ2 difference between the higher temperature scattering
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Figure S1. Background subtraction for the neutron data. (a)
Raw neutron scattering data for Nd3Sb3Mg2O14 at Ei = 150
meV and 6 K. (b) Raw neutron scattering data for non-
mangetic La3Sb3Mg2O14 at Ei = 150 meV and 6 K. The
red and blue bars on the right of the panels demarcate
120◦ < 2θ < 136◦, which are plotted vs ∆E in panel (c)
with the La compound intensity scaled to match the Nd com-
pound intensity. (d) shows the results of subtracting the La
compound intensity from the Nd compound intensity.
Table S.I. Fitted 〈u2〉 for the Debye-Waller factor.
T (K) Nd3Sb3Mg2O14 Nd3Sb3Zn2O14 Pr3Sb3Mg2O14
100 0.0451 0.0452 0.0459
200 0.0849 0.0878 0.0769
and the 6 K elastic scattering, fitting the Ei = 150 meV,
80 meV, and 40 meV data simultaneously for each tem-
perature and each compound. Based on the resolution
function defined for ARCS, we took the elastic scattering
to be ±3 meV for Ei = 150 meV, ±1.6 meV for Ei = 80
meV, and ±1.3 meV for Ei = 40 meV. The elastic intensi-
ties before and after scaling for Ei = 150 meV are shown
in Fig. S2, and the fitted values of 〈u2〉 are shown in
table S.I. As expected, 〈u2〉 varies roughly linearly with
temperature (the relationship for a simple harmonic os-
cillator).
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Figure S2. Debye Waller Factor fits for Nd3Sb3Mg2O14 (a)-(b), Nd3Sb3Zn2O14 (c)-(d), and Pr3Sb3Mg2O14 (e)-(f) based on
elastic scattering for 6 K (blue), 100 K (red), and 200 K (green). The top panels show the raw data and the bottom panels
show the 100 K and 200 K data multiplied by exp( 1
3
Q2〈u2〉), where 〈u2〉 was fitted by minimizing the difference with the 6 K
data.
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Figure S3. Nuclear refinement of Nd3Sb3Mg2O14. This refine-
ment includes peaks from the sample and from the aluminum
sample can.
S.II. NUCLEAR REFINEMENT
To get accurage positions of the oxygen atoms in
Nd3Sb3Mg2O14, we performed a Rietveld refinement to
neutron diffraction data. The data was taken on 10 g
loose powder using the HB2A instrument at ORNL with
λ = 2.41 Å neutrons and a 21’ pre-sample monochro-
mator. The refinement was performed using the FullProf
suite [27]. The data is shown in Fig. S3 and the refined
atomic positions are given in Table S.II. We examined
Nd and Mg site mixing, but found no evidence of site
mixing: all attempts to refine these gave unphysical neg-
ative mixing coefficients.
Table S.II. Refined nuclear positions and site occupancies frac-
tions (S.O.F.) for Nd3Sb3Mg2O14.
atom type label x y z S.O.F.
Mg Mg1 0 0 0 1
Mg Mg2 0 0 1/2 1
Sb Sb1 1/2 0 1/2 1
Nd Nd1 1/2 0 0 1
O O1 0 0 0.3856(4) 1
O O2 0.5341(2) 0.4660(2) 0.1452(1) 1
O O3 0.1441(2) 0.8560(2) -0.0579(2) 1
S.III. COMPUTATIONAL METHODS
A. PyCrystalField
The fits to the CEF Hamiltonian were performed using
the PyCrystalField software package [15], available for
download at https://github.com/asche1/PyCrystalField.
This software package was written for this project.
PyCrystalField contains a python library of Stevens
Operators, tesseral harmonics, and physical constants for
calculating the single-ion crystal Hamiltonian of a point
charge model. It calculates eigenvectors and eigenvalues
for a given Hamiltonian, magnetic susceptibility, direc-
tional magnetization, and the Q and ∆E dependent neu-
tron spectrum using the dipole approximation and with
an arbitrary ∆E dependent resolution function. It has
the capability to fit either the CEF parameters Bmn or
the effective charges of a point charge model by minimiz-
ing a user-provided global χ2 function; in this way, the
user may fit any relevant data (susceptibility, neutron
spectrum, magnetization, or transition energies) in any
format. The minimization routines used are those in the
scipy.optimize package.
S3
0 100 200 300
 (K)
0
0.01
0.02
0.03
0.04
0.05
 (
/T
/P
r)
data
.
data - ( . )
 fit  ( = .+ . )
+
Figure S4. Susceptibility data and fitted impurity model for
Pr3Sb3Mg2O14. The blue data is the Pr3Sb3Mg2O14 data mi-
nus the scaled calculated CEF susceptibility. This subtracted
data, which we take to be the impurity contribution, fits al-
most perfectly to a Curie-Weiss law.
B. Susceptibility Examination
As noted in the text, the low-temperature deviation
in Pr3Sb3Mg2O14 suggests the presence of non-singlet
impurities. To characterize this, we fit the susceptibility
to a model where χ = x χCEF + (1 − x) CT−θC , where
0 < x < 1. The fit is shown in Fig. S4. The fitted
parameters are x = 0.871(1), C = 0.709(6), and θC =
−3.2(1) K, indicating a 12.9% Curie-Weiss contribution
with µeff = 1.780(7) µB .
To be sure we had the correct explanation for the sus-
ceptibility discrepancy, we considered two alternatives:
sample diamagnetism, and higher multiplet CEF levels.
This discrepancy could be explained by a temperature-
independent offset χ0 = −10−3 (µB/T/ion) from sample
diamagnetism. However, the diamagnetic χ0 from the
non-magnetic analogue La3Sb3Mg2O14 (which should be
similar to the Nd3Sb3Mg2O14 diamagnetism) is −10−4
(µB/T/ion)—an order of magnitude too small (see the
inset in Fig. S5).
We finally attempted to account for the susceptibility
discrepancy by including higher multiplet mixing in the
CEF Hamiltonian. For Nd3+ the first excited multiplet
(J = 11/2) is only at 230 meV [28], so it could conceiv-
ably effect the magnetism at high temperatures. To test
this we re-fit and analyzed the data using an intermedi-
ate coupling scheme: including spin-orbit coupling and
calculating eigenkets in the LS basis rather than the J
basis. Details of this calculation are given below. The re-
sults accounted for neutron data well but the calculated
susceptibility, as shown in Fig. S5, is not significantly
different. We conclude that the deviation from measured
susceptibility is not due to higher multiplet mixing.
This leaves sample impurities as a reasonable expla-
nation for the deviation of measured susceptibility from
susceptibility calculated from crystal field levels alone.
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Figure S5. Comparison between measured susceptibility and
susceptibility calculated from the intermediate coupling (LS
basis) and strong coupling (J basis) fitted CEF Hamiltoni-
ans for Nd3Sb3Mg2O14. Both schemes yield similar results,
and neither calculation matches the data at high tempera-
tures. The inset shows the susceptibility of nonmagnetic ana-
logue La3Sb3Mg2O14, giving a diamagnetic χ0 = −0.0001
(µB/T/ion) which is too small to account for the discrepancy.
C. Intermediate Coupling Scheme
Ordinarily, crystal field interactions in rare earth ions
are treated as a perturbation to spin-orbit coupling, such
that the CEF interacts with an effective spin J = L+ S
in the |J,mJ〉 basis (this is called the "weak coupling
scheme" [14]). However, when the energy scale of the
next J multiplet is close enough to the CEF energy levels,
this approximation is no longer valid. In that case, the
Hamiltonian needs to be calculated in the |L, S,mL,mS〉
basis (the "intermediate coupling scheme") to account
for spin-orbit coupling.
PyCrystalField calculates the CEF Hamiltonian in the
intermediate coupling scheme by expressing the crys-
tal fields as interacting the orbital angular momentum
L (CEFs, being electrostatic, are not coupled to S),
and adding spin orbit coupling HSOC = λS · L non-
perturbatively to the Hamiltonian so that
H = HSOC +HCEF . (S.2)
From here, the eigenvalues and eigenvectors are cal-
culated by diagonalizing the Hamiltonian. For Nd3+,
S = 1.5 and L = 6 so the Hamiltonian is written as
a 52 × 52 matrix. Neutron spectrum and susceptibil-
ity are related to J = L + S, so in the intermediate
scheme we write |〈Γm|Jˆ⊥|Γn〉|2 = |〈Γm|Lˆ⊥ + Sˆ⊥|Γn〉|2
and Mα = gJ〈Jα〉 = 〈Lα + geSα〉.
To fit the data with the intermediate coupling
scheme we re-calculated the point-charge model in the
|L, S,mL,mS〉 basis, using the method outlined in ref.
[16] to calculate the θn in the new basis. From there,
we performed an effective point-charge fit, and then a fit
directly to the CEF parameters just the same as in the J
S4
basis. The resulting CEF parameters are listed in Table
S.III. We do not list the eigenkets of the intermediate
coupling fit because they are simply too long, and the
calculations do not significantly differ from calculations
in the J basis.
PyCrystalField’s accuracy in the intermediate coupling
regime was tested by taking the CEF parameters Bmn
from the original fit in the J basis, inserting them into
the Hamiltonian in the LS basis, and then setting the
spin orbit coupling parameter λ to a very high value
(thousands of eV). In the limit where λ → ∞, the LS
basis calculations should be identical to the J basis cal-
culations. This is what we observe: when λ becomes very
large, the eigenvalues, neutron spectrum, and calculated
susceptibility are identical to the results from the J basis.
Thus, we are confident that the intermediate coupling
calculations are accurate.
S.IV. FIT RESULTS: CEF PARAMETERS AND
EIGENSTATES
The fitted CEF parameters and final eigenstates
for Nd3Sb3Mg2O14 are given in Tables S.III - S.VI.
The fitted CEF parameters and final eigenstates for
Nd3Sb3Zn2O14 are given in Tables S.VII - S.X, with con-
stant Q cuts for all energies and temperatures are shown
in Fig. S7. The fitted CEF parameters and final eigen-
states for Pr3Sb3Mg2O14 are given in Tables S.XI - S.XV,
with constant Q cuts for all energies and temperatures
shown in Fig. S8.
A visual picture of magnetic anisotropy can be gained
by plotting saturation [M(B) · Bˆ]Bˆ in three dimensions
for various field directions. These plots are shown in Fig.
S6. These plots reveal that the anisotropy for Nd3+ is
unambiguously along z, while the anisotropy of Pr3+ is
along y. However, the field required to saturate Pr3+ is
150 T, and the anisotropy at those high fields is highly
sensitive to slight changes in the CEF Hamiltonian, so
the Pr3+ anisotropy result should be taken cautiously.
S5
X ( )
2
0
2 Y (
)
2
0
2
Z 
(
)
2
0
2
(a)
X ( )
2 0 2 Y (
)2
0
2
Z 
(
)
2
0
2
(b)
X ( )
2 0 2 Y (
)2
0
2
Z 
(
)
2
0
2
(c)
Figure S6. Single ion anisotropies of Nd3Sb3Mg2O14, Nd3Sb3Zn2O14, and Pr3Sb3Mg2O14, represented by 3D plots of saturation
magnetization in various directions at 2 K computed from the refined CEF parameters. The field used for Nd3Sb3Mg2O14 and
Nd3Sb3Zn2O14 was 9 T, while the field used for Pr3Sb3Mg2O14 was 150 T. The colored traces indicate the outline of the 3D
figure along the x, y, and z directions which are defined in the main text.
Table S.III. Fitted vs. Calculated CEF parameters for Nd3Sb3Mg2O14. The first column is the result of a point charge
calculation. The second column gives the result of the effective charge fit. The third column gives the result of the final fit of
all CEF parameters. Columns 4-6 give the same results for the calculations in the LS basis.
Bmn (meV) Calculated PC (J) PC Fit (J) Final Fit (J) Calculated PC (LS) PC Fit (LS) Final Fit (LS)
B02 0.24005 -0.18422 -0.02534 0.15089 -0.09273 -0.11967
B12 -1.59746 -0.80356 -1.04624 -1.00412 -0.60455 -0.86278
B22 0.14586 -0.00991 0.00786 0.09168 -0.11516 0.03186
B04 -0.03944 -0.01916 -0.01849 -0.01659 -0.00788 -0.00593
B14 0.00545 0.00299 0.00886 0.00229 0.0017 0.00243
B24 -0.01019 -0.00441 -0.00489 -0.00429 -0.00158 -0.00168
B34 -0.33519 -0.15385 0.0413 -0.14097 -0.06406 -0.04794
B44 0.02323 0.00993 0.01735 0.00977 0.00344 0.00525
B06 -0.00053 -0.00027 -0.00054 -0.00016 -8e-05 -0.00014
B16 9e-05 3e-05 1e-05 3e-05 -0.0 -0.0
B26 0.0005 0.00023 9e-05 0.00015 7e-05 3e-05
B36 0.00638 0.00292 0.00038 0.00188 0.00086 0.00125
B46 -0.00069 -0.00031 0.00013 -0.0002 -9e-05 2e-05
B56 -0.00164 -0.0008 2e-05 -0.00048 -0.00027 0.0
B66 -0.00674 -0.00309 -0.0028 -0.00199 -0.0009 -0.00107
Table S.IV. Eigenvectors and Eigenvalues of the calculated point-charge model for Nd3Sb3Mg2O14.
E (meV) | − 9
2
〉 | − 7
2
〉 | − 5
2
〉 | − 3
2
〉 | − 1
2
〉 | 1
2
〉 | 3
2
〉 | 5
2
〉 | 7
2
〉 | 9
2
〉
0.000 0.0174 0.0348 -0.0939 0.4554 -0.1921 0.1662 0.1905 -0.075 0.0634 0.8196
0.000 0.8196 -0.0634 -0.075 -0.1905 0.1662 0.1921 0.4554 0.0939 0.0348 -0.0174
9.990 0.3068 0.0317 0.2671 0.1325 -0.2623 -0.8446 0.038 -0.1066 -0.1355 0.0508
9.990 -0.0508 -0.1355 0.1066 0.038 0.8446 -0.2623 -0.1325 0.2671 -0.0317 0.3068
54.600 -0.0064 -0.0244 -0.2384 0.7924 0.1914 -0.0153 0.2288 -0.0135 -0.0902 -0.4659
54.600 -0.4659 0.0902 -0.0135 -0.2288 -0.0153 -0.1914 0.7924 0.2384 -0.0244 0.0064
94.828 -0.115 -0.4452 0.2366 -0.0687 0.1997 0.051 0.2237 -0.7968 0.0187 -0.0033
94.828 -0.0033 -0.0187 -0.7968 -0.2237 0.051 -0.1997 -0.0687 -0.2366 -0.4452 0.115
206.713 0.0289 0.8764 0.1056 -0.0245 0.2689 0.04 0.0407 -0.3791 -0.0058 -0.0008
206.713 -0.0008 0.0058 -0.3791 -0.0407 0.04 -0.2689 -0.0245 -0.1056 0.8764 -0.0289
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Table S.V. Eigenvectors and eigenvalues for effective charge PC fit of Nd3Sb3Mg2O14, with effective charges of (−0.999e,
−0.931e, −0.910e)
E (meV) | − 9
2
〉 | − 7
2
〉 | − 5
2
〉 | − 3
2
〉 | − 1
2
〉 | 1
2
〉 | 3
2
〉 | 5
2
〉 | 7
2
〉 | 9
2
〉
0.000 -0.028 -0.0055 0.0315 -0.2853 -0.0015 -0.0617 -0.1058 -0.004 -0.0535 -0.9481
0.000 0.9481 -0.0535 0.004 -0.1058 0.0617 -0.0015 0.2853 0.0315 0.0055 -0.028
19.585 0.1083 0.1045 0.1767 0.2068 -0.6646 -0.5949 -0.0911 -0.2941 -0.1133 -0.0026
19.585 -0.0026 0.1133 -0.2941 0.0911 -0.5949 0.6646 0.2068 -0.1767 0.1045 -0.1083
36.819 0.1039 -0.0136 0.182 -0.7156 -0.2044 0.1659 -0.5351 -0.1049 0.0889 0.263
36.819 -0.263 0.0889 0.1049 -0.5351 -0.1659 -0.2044 0.7156 0.182 0.0136 0.1039
54.941 0.0886 0.4682 -0.1719 0.0568 -0.206 -0.0649 -0.2277 0.801 0.0048 -0.0019
54.941 0.0019 0.0048 -0.801 -0.2277 0.0649 -0.206 -0.0568 -0.1719 -0.4682 0.0886
105.372 -0.0265 -0.8624 -0.0852 0.0334 -0.2894 -0.0282 -0.0408 0.3984 -0.0483 0.0008
105.372 -0.0008 -0.0483 -0.3984 -0.0408 0.0282 -0.2894 -0.0334 -0.0852 0.8624 -0.0265
Table S.VI. Final fit eigenvectors and eigenvalues for Nd3Sb3Mg2O14
E (meV) | − 9
2
〉 | − 7
2
〉 | − 5
2
〉 | − 3
2
〉 | − 1
2
〉 | 1
2
〉 | 3
2
〉 | 5
2
〉 | 7
2
〉 | 9
2
〉
0.000 0.8833 -0.0286 -0.0348 0.2094 -0.1202 0.0326 0.3962 0.0355 0.0066 0.011
0.000 0.011 -0.0066 0.0355 -0.3962 0.0326 0.1202 0.2094 0.0348 -0.0286 -0.8833
23.179 -0.4308 0.0814 -0.3726 0.4168 -0.0801 0.0886 0.6666 0.185 -0.0385 -0.0322
23.179 0.0322 -0.0385 -0.185 0.6666 -0.0886 -0.0801 -0.4168 -0.3726 -0.0814 -0.4308
36.360 -0.1177 -0.0857 0.4117 0.064 -0.8078 0.3728 -0.0209 0.0193 0.1138 0.0
36.360 0.0 -0.1138 0.0193 0.0209 0.3728 0.8078 0.064 -0.4117 -0.0857 0.1177
43.691 0.1342 0.1343 -0.578 -0.1059 -0.1466 0.3907 -0.4059 0.5206 -0.0932 -0.0001
43.691 -0.0001 0.0932 0.5206 0.4059 0.3907 0.1466 -0.1059 0.578 0.1343 -0.1342
110.708 0.0352 0.9551 0.0529 -0.0232 -0.0349 0.058 0.0086 -0.2162 0.1782 0.0002
110.708 -0.0002 0.1782 0.2162 0.0086 -0.058 -0.0349 0.0232 0.0529 -0.9551 0.0352
Table S.VII. Fitted vs. Calculated CEF parameters for
Nd3Sb3Zn2O14. The first column is the result of a point
charge calculation. The second column gives the result of
the effective charge fit. The final column gives the result of
the final fit of all CEF parameters.
Bmn (meV) Calculated PC PC Fit Final Fit
B02 0.43977 -0.07696 0.05974
B12 0.68385 0.50177 1.48915
B22 0.30385 -0.05563 -0.10943
B04 -0.0385 -0.01895 -0.01655
B14 0.00109 -0.00076 -0.00216
B24 -0.00901 -0.00352 -0.00219
B34 0.35561 0.16604 0.0169
B44 0.02633 0.01041 0.0119
B06 -0.00051 -0.00026 -0.0006
B16 -0.00027 -9e-05 -0.00026
B26 0.00039 0.00018 4e-05
B36 -0.00681 -0.00318 0.00105
B46 -0.00061 -0.00027 -5e-05
B56 0.00091 0.00056 0.00087
B66 -0.00694 -0.00323 -0.00268
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Figure S7. Constant Q cuts showing the results of the CEF fit to Nd3Sb3Zn2O14 neutron scattering data. The point charge fit
("PC fit") is shown with a grey dashed line, and the final fit ("fit") is shown with a solid black line.
Table S.VIII. Eigenvectors and Eigenvalues of the calculated point-charge model for Nd3Sb3Zn2O14.
E (meV) | − 9
2
〉 | − 7
2
〉 | − 5
2
〉 | − 3
2
〉 | − 1
2
〉 | 1
2
〉 | 3
2
〉 | 5
2
〉 | 7
2
〉 | 9
2
〉
0.000 0.4238 -0.0572 -0.2182 0.1285 -0.4685 -0.5819 0.4015 0.1517 0.1033 0.0
0.000 0.0 0.1033 -0.1517 0.4015 0.5819 -0.4685 -0.1285 -0.2182 0.0572 0.4238
5.968 0.6989 0.0582 0.0987 0.1075 0.3332 0.4378 0.3924 -0.1489 -0.0889 0.0
5.968 0.0 -0.0889 0.1489 0.3924 -0.4378 0.3332 -0.1075 0.0987 -0.0582 0.6989
54.076 0.5692 0.0555 0.109 -0.2123 -0.0362 -0.1151 -0.7543 0.1701 0.0591 0.0
54.076 0.0 0.0591 -0.1701 -0.7543 0.1151 -0.0362 0.2123 0.109 -0.0555 0.5692
90.926 0.0 -0.1675 0.7057 -0.1752 -0.0763 -0.1975 0.1036 -0.4523 0.4188 0.0878
90.926 -0.0878 0.4188 0.4523 0.1036 0.1975 -0.0763 0.1752 0.7057 0.1675 0.0
205.317 0.0 0.0424 0.3835 -0.0274 -0.044 -0.2789 0.0237 -0.0834 -0.8735 -0.0129
205.317 0.0129 -0.8735 0.0834 0.0237 0.2789 -0.044 0.0274 0.3835 -0.0424 0.0
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Table S.IX. Eigenvectors and Eigenvalues for effective charge PC fit of Nd3Sb3Zn2O14, with effective charges of (−1.01e,
−0.968e, −0.915e)
E (meV) | − 9
2
〉 | − 7
2
〉 | − 5
2
〉 | − 3
2
〉 | − 1
2
〉 | 1
2
〉 | 3
2
〉 | 5
2
〉 | 7
2
〉 | 9
2
〉
0.000 0.9194 0.0406 0.0017 0.1574 0.0629 0.0061 0.3303 -0.0329 0.0023 0.1187
0.000 -0.1187 0.0023 0.0329 0.3303 -0.0061 0.0629 -0.1574 0.0017 -0.0406 0.9194
13.307 0.0964 -0.1277 0.1715 -0.1277 -0.7292 0.5438 -0.033 0.3014 -0.0963 -0.0
13.307 -0.0 0.0963 0.3014 0.033 0.5438 0.7292 -0.1277 -0.1715 -0.1277 -0.0964
32.647 -0.0315 -0.035 0.1295 0.887 -0.1739 -0.0389 -0.1765 -0.0532 0.0604 -0.3533
32.647 0.3533 0.0604 0.0532 -0.1765 0.0389 -0.1739 -0.887 0.1295 0.035 -0.0315
50.378 0.0723 -0.4499 -0.3708 -0.0566 -0.1805 0.1206 -0.1593 -0.7462 -0.1494 0.0021
50.378 -0.0021 -0.1494 0.7462 -0.1593 -0.1206 -0.1805 0.0566 -0.3708 0.4499 0.0723
103.234 0.0178 -0.8265 -0.0455 0.0449 0.296 0.0452 0.0118 0.4033 0.2451 0.0009
103.234 0.0009 -0.2451 0.4033 -0.0118 0.0452 -0.296 0.0449 0.0455 -0.8265 -0.0178
Table S.X. Final Fit Eigenvectors and Eigenvalues for Nd3Sb3Zn2O14.
E (meV) | − 9
2
〉 | − 7
2
〉 | − 5
2
〉 | − 3
2
〉 | − 1
2
〉 | 1
2
〉 | 3
2
〉 | 5
2
〉 | 7
2
〉 | 9
2
〉
0.000 0.8077 0.0611 0.072 0.2893 -0.0012 -0.0189 0.4889 -0.1198 0.0279 -0.0195
0.000 -0.0195 -0.0279 -0.1198 -0.4889 -0.0189 0.0012 0.2893 -0.072 0.0611 -0.8077
18.253 0.5333 0.1023 -0.0497 -0.4258 -0.0601 0.1161 -0.5039 0.4947 -0.0725 0.0202
18.253 0.0202 0.0725 0.4947 0.5039 0.1161 0.0601 -0.4258 0.0497 0.1023 -0.5333
32.029 0.1793 -0.1484 -0.1206 -0.0686 -0.4458 0.1985 -0.3953 -0.7241 0.0887 0.0006
32.029 -0.0006 0.0887 0.7241 -0.3953 -0.1985 -0.4458 0.0686 -0.1206 0.1484 0.1793
39.481 -0.1589 0.0658 0.1925 0.096 -0.6959 0.5088 0.2669 0.3307 0.0199 -0.0004
39.481 -0.0004 -0.0199 0.3307 -0.2669 0.5088 0.6959 0.096 -0.1925 0.0658 0.1589
108.776 -0.0708 0.9718 -0.1252 -0.0119 0.0038 0.0355 -0.02 -0.1798 -0.028 0.0007
108.776 -0.0007 -0.028 0.1798 -0.02 -0.0355 0.0038 0.0119 -0.1252 -0.9718 -0.0708
Table S.XI. Fitted vs. Calculated CEF parameters for
Pr3Sb3Mg2O14. The first column is the result of a point
charge calculation. The second column gives the result of
the effective charge fit. The final column gives the result of
the final fit of all CEF parameters.
Bmn (meV) Calculated PC PC Fit Final Fit
B02 0.80689 0.33959 0.40799
B12 -5.71335 -1.05144 -4.05166
B22 0.60658 1.57933 2.14389
B04 -0.11491 -0.04644 -0.05468
B14 0.0153 -0.00087 0.00182
B24 -0.03085 -0.01614 -0.09819
B34 -0.97192 -0.38774 -0.32064
B44 0.07128 0.03898 0.11791
B06 0.00104 0.00042 -0.0004
B16 -0.00022 -0.00022 -0.00081
B26 -0.00101 -0.00043 -0.00051
B36 -0.01248 -0.005 3e-05
B46 0.00141 0.00062 0.00246
B56 0.00324 0.00079 -0.00771
B66 0.01322 0.00534 0.00543
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Figure S8. Constant Q cuts showing the results of the CEF fit to Pr3Sb3Mg2O14 neutron scattering data. The point charge fit
("PC fit") is shown with a grey dashed line, and the final fit ("fit") is shown with a solid black line.
Table S.XII. Eigenvectors and Eigenvalues of the calculated point-charge model for Pr3Sb3Mg2O14.
E (meV) | − 4〉 | − 3〉 | − 2〉 | − 1〉 |0〉 |1〉 |2〉 |3〉 |4〉
0.000 0.0211 0.1351 0.0143 0.0677 -0.9762 -0.0677 0.0143 -0.1351 0.0211
27.085 0.481 -0.0515 -0.0064 -0.5137 -0.0648 0.5137 -0.0064 0.0515 0.481
34.102 -0.501 0.0301 -0.1321 0.4802 -0.0 0.4802 0.1321 0.0301 0.501
172.139 -0.5001 0.097 0.1115 -0.4758 -0.0575 0.4758 0.1115 -0.097 -0.5001
175.477 0.4715 -0.1299 0.0341 0.5095 -0.0 0.5095 -0.0341 -0.1299 -0.4715
258.296 0.0149 0.4974 -0.4939 -0.0372 0.1187 0.0372 -0.4939 -0.4974 0.0149
267.648 0.1481 0.2102 -0.6575 -0.0394 0.0 -0.0394 0.6575 0.2102 -0.1481
320.705 -0.1336 -0.4715 -0.4933 -0.0616 -0.1593 0.0616 -0.4933 0.4715 -0.1336
354.693 -0.0683 -0.6618 -0.2215 -0.0907 0.0 -0.0907 0.2215 -0.6618 0.0683
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Table S.XIII. Eigenvectors and Eigenvalues for the effective charge PC fit of Pr3Sb3Mg2O14, with effective charges of (−0.805e
−0.736e, −0.836e)
E (meV) | − 4〉 | − 3〉 | − 2〉 | − 1〉 |0〉 |1〉 |2〉 |3〉 |4〉
0.000 -0.1362 -0.1213 -0.109 0.1183 0.939 -0.1183 -0.109 0.1213 -0.1362
7.877 0.3911 -0.0156 -0.0823 -0.5597 0.2313 0.5597 -0.0823 0.0156 0.3911
26.125 0.5466 0.0405 0.0777 -0.44 0.0 -0.44 -0.0777 0.0405 -0.5466
66.282 0.5526 -0.1067 -0.1292 0.4081 -0.0001 -0.4081 -0.1292 0.1067 0.5526
80.287 0.4353 -0.1942 -0.0029 0.5223 0.0 0.5223 0.0029 -0.1942 -0.4353
110.772 -0.0715 -0.1053 0.6951 0.0242 0.0 0.0242 -0.6951 -0.1053 0.0715
113.869 -0.0114 0.584 -0.3949 0.0431 0.0451 -0.0431 -0.3949 -0.584 -0.0114
135.415 -0.1516 -0.3641 -0.5557 -0.0658 -0.2504 0.0658 -0.5557 0.3641 -0.1516
148.379 0.0818 0.6705 0.1036 0.1817 0.0 0.1817 -0.1036 0.6705 -0.0818
Table S.XIV. Final Eigenvectors and Eigenvalues for Pr3Sb3Mg2O14. As required for singlets, 〈jx〉 = 〈jy〉 = 〈jz〉 = 0 for all
states.
E (meV) | − 4〉 | − 3〉 | − 2〉 | − 1〉 |0〉 |1〉 |2〉 |3〉 |4〉
0.000 0.3301 0.0176 0.2111 -0.0663 -0.8268 0.0663 0.2111 -0.0176 0.3301
7.857 0.1378 -0.0761 0.0021 -0.6723 0.2156 0.6723 0.0021 0.0761 0.1378
25.982 0.5732 -0.0511 0.294 -0.287 0.0 -0.287 -0.294 -0.0511 -0.5732
62.734 0.5925 -0.1582 -0.1293 0.198 0.3686 -0.198 -0.1293 0.1582 0.5925
86.585 -0.3312 0.2206 0.1273 -0.5704 0.0 -0.5704 -0.1273 0.2206 0.3312
106.952 0.2236 0.1408 -0.6201 -0.2138 -0.0 -0.2138 0.6201 0.1408 -0.2236
122.734 -0.0693 -0.3987 0.5582 0.0651 0.2022 -0.0651 0.5582 0.3987 -0.0693
181.173 0.1272 0.5567 0.3566 0.0131 0.3052 -0.0131 0.3566 -0.5567 0.1272
197.149 -0.1083 -0.6549 -0.1133 -0.2157 -0.0 -0.2157 0.1133 -0.6549 0.1083
Table S.XV. Eigenvectors and Eigenvalues for Pr3Sb3Mg2O14 obtained by rescaling the Nd3+ CEF parameters.
E (meV) | − 4〉 | − 3〉 | − 2〉 | − 1〉 |0〉 |1〉 |2〉 |3〉 |4〉
0.000 0.0814 0.0325 -0.1446 -0.0809 0.9642 0.0809 -0.1446 -0.0325 0.0814
32.860 0.0109 -0.0451 -0.0799 0.6979 0.0943 -0.6979 -0.0799 0.0451 0.0109
105.320 -0.0703 0.04 0.0785 -0.6981 0.0 -0.6981 -0.0785 0.04 0.0703
124.743 0.648 -0.2289 0.155 -0.061 0.0 -0.061 -0.155 -0.2289 -0.648
126.023 -0.643 0.2834 -0.0559 0.0168 0.0756 -0.0168 -0.0559 -0.2834 -0.643
163.849 -0.2515 -0.3555 0.5531 0.0671 -0.0 0.0671 -0.5531 -0.3555 0.2515
164.076 0.2598 0.5458 -0.3433 0.0043 -0.1829 -0.0043 -0.3433 -0.5458 0.2598
189.555 -0.1091 -0.5654 -0.4049 -0.067 -0.0 -0.067 0.4049 -0.5654 0.1091
189.810 0.1111 0.3444 0.5931 0.0784 0.149 -0.0784 0.5931 -0.3444 0.1111
